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ABSTRACT
The concentration of GTP was found to be critically important in determi ni ng the characteri s ti cs of i ncorpora ti on of Gr~p by DNA-dependent RNA polymerase from rat brain nuclei. The linearity of the incorporation rate was related to the log of the GTP concentration. Three hundred pM GTP in the presence of t~e other nucleoside triphosphates (1 mM) was near to the optimal conditions in terms of maximum incorporation and linearity. The concentration of ammonium sulfate was an important factor in determi ni ng the optimum GTP and Ut·1P concentrati on. The U/G rati 0 was less than one at low concentrations of substrate and increased with increasing substrate or ammonium sulfate concentration. a-Amanitin strongly inhibited the reaction, indicating that RNA polymerase II is the effective enzyme.
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The influence of the concentration of nucleoside triphosphate on RNA synthesis in nuclei has not been studied sufficiently. Novello and Stirpe (1969) have studied briefly the effect of varying the concentration of all nucleoside triphosphates on .the DNA-dependent RNA polymerase efC 2.7.7.6) in rat liver nuclei but \'1e are unaware of any such study in brain.
The concentrations of nucleoside triphosphates used by different authors have extended over a wide range. This is particularly true in the Case of the labeled nucleoside triphosphate for which the concentration has extended over nearly four orders of magnitude, from 0.35 ~M(Banks & Johnson, 1973 ) to 1 mM (Austoker et ~,1972) . Apparently the concentrations have been chosen arbitrarily and comparison of the various studies is difficult. In the present study, the effect of the concentration of GTP on G~1P i ncorporati on ~/as s tudi ed and found to be criti ca 11y important in determin.ing the rate, duration, base ratio of incorporation, and inhibition by actinomycin D.
MATERIALS AND METHODS
Nuclear preparation. Sprague-Dawley male rats from Horton Laboratories, Ca. Oakland,/(200-350 g) were killed by cervical dislocation and decapitated.
The cerebral cortices were removed, rinsed in saline, and the nuclei were prepared essentially following the method of L_vtrup-Rein and McEwen (1966) .
All operations were performed at ice temperature. The cortices \'/ere homogenized by hand in~ediately after sacrifice in a loose Teflon-glass homogenizer in 10 volumes of·O.32 M sucrose. (All sucrose solutions con--tained 1 mM 1·1gC'2 and , ~1 potassium phosphate buffer, pH 6.5.)
• -5-The homogenate \'1as fil tered through several 1 ayers of cheesecloth and centrifuqed for 10 min at 1000 g, the crude nuclear pellet was washed twice \'lith 0.32 t,1 sucrose, drained and suspended in 2 M sucrose. The suspension was layered over a gradient of 10 ml of 2 M sucrose and 5 ml of 2.2 M sucrose. The gradients were prepared 24 h before the experiment and kept at O°C lIntil used. To assure that all the types of nuclei are preserit in the final preparation, the centrifugation was extended to a period of 60 min (L¢vtrllp-Rein and McEwen, 1966) at 26,500 rpm in a SW-27 totor in a Spinco L2-658 centrifuge at 4°C. The pellet of purified nuclei was stispended in 0.32 M sucrose and washed once to eliminate the concentrated sucrose. Finally the pellet was resuspended in 0.32 M sucrose and used within 2 h. Microscopic examination sho\'/ed little cytoplasmic contamination and the presence of all types of nuclei as characterized by shape, size, and number of nucleoli (Austoker et~, 1972) . The low degree of cytop 1 asmi c contami na ti on \1aS confi rmed by the very 1 ow Rr~A/DNA ratio, 0.166 !5% detennined by the method of t·1orimoto et ~ (1974) . This value can be compared to the ratio 0;46 reported by L¢vtrup~Rein and McEwen (1966) . Other values which have been reported for purified nuclei from brain range from 0.60 to 0.32 (Austoker et~, 1972) .
Determination of RNA s,Vnthesis
The method of tkE\'/en et ~ (1972) was used with some modifications described below. The nuclei suspended in 100 ~l of 0.32 M sucrose were added to 400 pl of concentrated medium at 37°C. The final concentration was 2m" t1nC1 2 , 330 mM (NH4)2S04' 100 mM Tris-HC1, pH 8.9,70 mM KC1, 40 mM l3-mercaptoethanol, 1 mr' 1 each ATP, CTP and UTP, final pH 8.2. This medium is called standard medium; to it the appropriate amount of 8-3 H-GTP -6-and unlabeled GTP was added. The final volume was500~1. In the preincubation experiments the concentrations of some components were higher during the preincubation but were diluted to the standard concentration before the incubation. When the preincubations were done in 0.32 sucrose the solution also contained 1 mt~ MgC1 2 and 1 mM potassium phosphate, pH 6.5. The incubations and preincubations were done at 37°C with mild shaking. The reaction was terminated by the addition of one volume (0.5ml) of 8% w/v Na 2 P 2°7' frozen in dry ice and kept overni ~ht. Thesamp 1 es were a 11 owed to thaw wh i 1 e shak i ng in the presence of 250 }.1l of ice co ld 5;& CC1 3 COOH, then 6 ml more of 5%CC1 3 COOH were added. This procedure gave a dispersed precipitate which later could be efficiently washed on a glass fiber fiber filter (GF/C Whatman). The samples were kept at ice temperature for more than 15 min prior to filtering. Subsequently, the ~amples were washed 4 times with 5 m1 of cold 5% CC1 3 COOH, and finally twice with cold absolute , ethanol. The samples on the filters were placed in scintillation vials and digested with 500 ~l of Solvene-100 (Packard Instruments Co.) in order to avoid self-absorption as observed by us in preliminary experiments and also reported by S11verman and ~·1i rsky (1973) .
DNA determination
The quantity of nuclei was estimated by DNA determination using the method of Morimoto et ~ (1974) . In most cases the incorporation was expressed as picomoles incorporated per 100 ~g of nuclear DNA.
Standard deviation
The standard deviation was expressed as percent of the value of the respective average. 
Materials
Unlabeled ribonucleoside triphosphates were purchased from Calbiochem (San Diego, California); ATP and CTP were disodium salts and GTP and UTP \'1ere tri 1 i thi urn salts. The radi oacti ve 8-3H~GTP and the 5-6-3H-UTP had a specific activity of 5.6 Ci/mmole and 22 Ci/mmole respectively and were purchased from New England Nuclear (Boston, Mass.). The bovine serum .a 1 bumi n ,was from Metri x (Chicago, Ill.). a-Amanitan "las a gift from Prof. T. Wieland.
RESULTS
In preliminary experiments it was found that the incorporation of GMP w~s proportional to the amount of nuclear DNA added beyond the range used in these experiments. No incorporation was found· when the nuclei were preincubated with DNAase. More than 80% of the counts were solubilized by pancreatic RNAase. At least 70% of the incorporation was dependent on the presence of all four nucleoside ttiphosphates.
Effect of GTP concentra ti on on Gt1P i ncorporati on In Fig. 1 is shown the influence of GTP concentration on the GMP incorporation at 2 and 10 min. The number of picomo1es incorporaved between 0.35 p~1 and 0.71 pM 3H-GTP was proportional to the concentration, of GTP and then increased more slowly with further increases in concentration. The percent of GMP actually incorporated in 10 min was 0.57% for 0.35 pM and 0.14% for 300 pM GTP when the nuclear DNA concentration was approximately 200 pg/m1. Similar results were obtained in other experiments using six GTP concentrations below 300 pM (results not shown). Therefore, the dependence of incorporation on the concentration of GTP was not due to depletion of substrate. the "percent deviation from 1inearity". The "percent deviation from 1i neari tyll is the percent difference between the hypothet; cal; ncorporation for a reaction in which the incorporation at 10 min is 5 times that at 2 min and the actual i-ncorporationat 10 min. Hhen this "percent deviation from linearity" is plotted against log of the GTP concentration, a straight line is obtained (Fig.' lB) . The dependence of linearity on the GTP concentration VIas also observed in several pre1im-inary experiments not shown here.
Investigation of the basis for non-linearity .
The next series of experiments were designed to test alternative explanations for the non-linearity with time observed for the incorporation of GTP. Two principal reasons for the non-linearity were.considered.
The first (a) was that changes in composition of the incub~tion medium due to destruction or other losses of substrates, changes in pH, or accumulation of inhibitors caused a decrease in incorporation rate. The other possible reason (b) was that the nuclear template or enzymes were changed during the reaction.
(a) Experiment to test alteration of medium. To test the first exp1ana~ tion, aliquots of nuclei were incubated in the medium with 0.71 1l~13H-GTP.
After 10 min, additional nuclei were added to some of the tubes. The results are shown in Fig. 2 . As expected, the usual non-linear reaction was observed.
However, the addition of new nuclei resulted in a brief period of rapid incorporation of Gt1P followed by a reduction in rate. This brief period of rapi d i ncorporati on cl early shO\'/ed that the decrease; n rate is not due to alteration of the medium. Tables 1 and   2 . It \'las found that only a moderate loss of activity (9 to 18?~) took place when nuclei were preincubated in 0.32 M sucrose containing MgC1 2 and potassium phosphate buffer, pH 6.5. A similar loss of activity took place if one or more of the nucleoside triphosphates (1 mM) were also present during this preincubation. Hm'lever, 50% of the activity was lost whenpreincubation for 10 min \'las in the standard medium without nucleoside triphosphates.
This inactivation of the incorporation was increased to 61~~ when ATP was present and to about 75% when ATP, CTP, and UTP were present and only GTP was omitted, and was 59% in the presence of all four substrates. The addition of either glycerol or bovine serum albumin had a moderate inhibitory activity on the incorporation but did not protect the activity from the effect of pre; ncubation (Table 2) .
Effect of different substrate concentrations on GMP incorporation
A wide range of substrate concentrations was investigated (Table 3 ).
The concentrations of ATP, CTP, and UTP were kept equal but varied from a to 1 mM, while the concentration of 3H-GTP was varied from 0.24 lIM to 300 pM.
The results showed that 300 lIM GTP in the presence of 1 mM of the other triphosphonucleosides was near to the optimal conditions in terms of maximum incorporation and linearity. A further increase of the concentration of the three nucleoside triphosphates to.2 mM resulted ina decrease (20%) of the incorporation (Table 4) . But this inactivation by substtates was compensated for by a further increase in the concentration of GTP. An Probably there is a complicated relationship between concentration of the substrates and the rate and linearity of the incorporation. This needs to be studied more extensively.
Effect of ionic strength on GNP incorporation at high and low GTP concentration 1) In Table 5 the effect of ammonium sulfate concentration on GMP incorporation is shown. At low GTP concentration the maximum stimulation was at 50 mMand a further increase in ionic strength caused a decreased incorporation. This pattern was nearly the same at both.2 and 10 min.
The linearity of the incorporation was not clearly affected by the ionic strength.
At high GTP concentration the effect of ammonium sulfate was different; the maximum stimulation was observed at 330 m"'. Also the linearity of the incorporation was clearly improved by the high ammonium sulfate.
2) The effect of ammonium sulfate was studied also on the incorporation of UMP from UTP at low and high concentration (Table 6 ). The results with UMP incorporatibn wer~ similar to the ones obtained with GMP. That is, at low concentration of UTP the ~aximum inc6rporation was at 50 mM ammonium sulfate and at high UTP concentration the maximum was at 330 mt>1.
The U/G incorporation ratio, obtained in the conditions described in Table 6 , was markedly dependent on the substrate concentration, suggesting that actually the type of RNA synthesized is dependent on the substrate concentration. At low concentration of the labeled substrate (either UTP or GTP) the U/G incorporation ratio was smaller than one and was increased by Table 7 . At both concentrations of GTP, a-amanitin is equally effective, indicating that RNA polymerase II is responsible for the incorporation (Kedinger et~, 1970) . On the other hand, the actinomycin-D shows different inhibition at the t\,/O GTP concentrations.
DISCUSSION
As was noted in the Introduction, the concentration of nucleoside triphosphates used by different authors for studying RNA synthesis .i!!.
vitro by brain nuclei has extendeifover a wide range; this is particularly true for thelabelei nucleoside triphosphate (Slagel & Akers, 1972; Banks & Johnson, 1973; , Austoker et~, 1972) . The effect of this wide range of substrate concentration has not been previously reported. From a practical point of view, the use of very low concentrations of the labeled substrate is very convenient because it is possible to use higher final specific activities so that the total radioactivity incorporated is considerably higher.
The GMP incorporated increases with the concentration of GTP, especially at low GTP concentrations, but the saturation is ~ot reached at 300 ~M.
The saturation with GTP depends on the concentration of the other three substrates as well.
-12-It is important to note that the incorporation at low GTP concentrations is less linear with time than at higher GTP concentrations (Fig.1B) . This different linearity could not be explained in terms of exhaustion of substrates.
Another characteristic of the RNA polymerase in nuclei that was investigated w~s its inactivation when preincubated in the absence of selected components of the medium. The preincubation experiments indicated that the polymerase activity is moderately labile \"/hen the nuclei are'preincubated in sucrose solution; we found a smaller inactivation (10-20%) than had previously been reported by Thompson (1973) . Ammonium sulfate was found to cause a rapid loss of activity, up to 50% with 10 min preincubation. The addition of ATP, CTP, and UTP to this high ionic strength prei~cubatton medium resulted in a further inactivation to approximately 70%. Partial and similar results were reported by Novello and Stirpe (1969) . Sarkar and Paulus (1972) reported an inactivation by ATP of a purified bacterial RNA po~ymerase. However, there a:e several differences between their report and our results. In their system the ATP is more inhibitory than any other of the nucleoside triphosphdtes, while we found that ATP did not contribute more to ~1activation than the other nucleoside triphosphates. Also glycerol did not provide protection from inactivation, contrary to what they reported. So it seems that the two phenomena are not closely related, but comparisons are difficult because of differences between the procedures used.
The inactivation by anUllonium sulfate can be explained by the reports of Chambon et AL.. (1965,l967 ) that the RNA polymerase can be associated . . ; ~., ~ 13-with DNA with or without RflA. When the enzyme is associated \vith DNA only, it is less stable than when it is also associated with RNA. Once the enzyme is dissociated from the DNA it cannot reassociate in the presence of ammonium sulfate. However, the DNA enzyme complex is stabilized when exposed to all four substrates before addition of ammonium I sulfate because it transforms into the DNA--enzyme-RNA complex. We believe that the stability increases when the enzyme is engaged in Rr~A synthesis because then the concentration of the ternary complex \vould be higher than in the absence of RNA synthesis. In the presence of extremely low GTP concentrations, the conditions are very similar to the absence of RNA synthesis. and probably many complexes of enzyme-template break into free enzyme and template. As this process is irreversible in the presence of ammonium sulfate, the decreased concentration of active enzyme complexes results in loss of enzyme acti vi ty and therefore a 1 ess 11 near reacti on than at higher GTP concentration. In that case, the results shown in Fig. lB reflect the relative stability of the enzyme template complex at different GTP concentr,a ti ons.
There are some other differences between the reaction at low and high GTP cone-ntrations, for exam~le, the stimulation by ammonium sulfate.
Usually the optimal concentration of ammonium sulfate has been reported to be between 0.3 M and 0.4 ~1 both in liver (Pogo et ~, 1967; Windell & Tata, 1966 ) and brain (Kato & Kurokawa, 1970, and Thompson, 1973) . All these authors used relatively high concentrations of the labeled nucleoside triphosphate .. Slagel and Akers (1972) and Banks and Johnson (1973) , using a low concentration of GTP, reported a lower optimal ammonium sulfate concentration. We found at low GTP concentration in the standard -14-medium that the stimulation by ammonium sulfate was maximal at 50 rnt1. 1.n contrast, at high GTP concentration the stimulation \."as maximal at 300 mM.
This may explain the apparent contradiction in the previous reports. The concentration of the remaining three substrates seems also to influence the optimal ammonium sulfate concentration. Kato and Kuroka\."a (1970) reported that the single nucleoside triphosphate reaction is maximal at 30 ni~ ammonium sulfate. They also reported that actinomycin D stimulated rather than inhibited the single nucleotide reaction as shown by the incorporation of ATP.
Thus the reduced inhibition by actinomyci.n D of GTP incorporation that we observed at 10\,1 G,TP concentration (Table 7) suggests that ,this GMP incorporation is partially by the single nucleotide rE!action. I~e also showed that in the absence of ATP, CTP, and UTP substantial incorporation of GTP occurred, which provided more direct evidence of single nucleoside triphosphate incorporation (Table 3) .
In this context, it is probably important tu mention the reports of Johnson et ~ (1969 Johnson et ~ ( ,1971 ) that 40 rn."1 ammonium sulfate under certain conditions stimulates the synthesis of ribosomal RNA in rat liver nuclei.
Despite the fact that in our report, ~t low GTP, the GMP ~ncorporation is stimulated by low ammonium sulfate concentration and the U/G incorporation ratio is low, the failure of actinomycin D to inhibit is an indication that it is not ribosomal RNA synthesis. The only other reported inhibition by actinomycin at 10\." GTP concentration and high ionic strength was in the presence of 400 pg/ml of the inhibitor (Slagel and Akers, 1972) *Preincubations were at 37°C f.or 10 min. The preincubation volume was 480 ~1 in tubes with final 0.71 pM GTP. How~ver, the preincubation volume was 100 ~lfor tubes of both GTP concentration when preincubated in 0.32 H sucrose, 1 mM MgC1 2 , 1 rnt1 potassium phosphate, pH 6.5. For the tubes with a final concentration of 300 pM GTP, the preincubation volume was different in every case, as follows:
In medium without (NH4}2S04 and GTP, 410 pl; in medium without all nucleotide triphosphates, 400 ~1;
wi'thout CTP, UTP, and GTP, 420 pl; and in the medium without 8_3H~GT~, 480 pl. With the exception of preincubation in sucrose, the pH was 8.2 during preincubation and incubation. At 0.71 pM GTP the incorporations at both 2 and 10 min were done, but as the percent inactivation was similar at 10 and 2 min, the latter are not shown. At 0.71 pM GTP and at 300 pM GTP, 2 and 4 pCi of 8-3 H-GTP were present respectively. The volume during the incorporation was 500 pl. All determination were done in quadruplicate.
.
- Nuclei were either incubated in the standard medium for 20 min (see METHODS) or were preincubated 10 min at 37°C in the medium without nucleoside triphosphates or with the medium containing 1.2 mH of ATP, CTP, and UTP. The preincubation volume was 440 pl; after 10 min, 80 pl of the remaining components necessary to complete the medium were added and the incorporation ofGMP was allowed for 20 min. The volume during the incorporation was 520 pl, the concentration of GTP (4 pCt) was 300 pM, and the concentration of DNA was 146 pg/ml. The pH was 9.2. The determinations were done in quadruplicate, in the presence of 4 pCi of 8-3 H-GTP and 77.6 p9 of DNA. The deviation from linearity is given as percent and is defined in the legend to 1 -13.8 185.3 -8.4 149.9 -6.6 228.9 ! 12.5 164.2! 10.1
The determinations were done in quadruplicate; 4 ~Ci of 3H-GTP were added to each tube. Unless otherwise stated, the conditions were as in Table 3 .
-22.,. Nuclei from rat cerebral cortex were added in 100 )11 of 0.32 M sucrose, The conditions were the same as in Table 5 unless otherwise stated.
The actual amount of DNA per tube was 68 pg. At 0.4 pM of the labeled nucleoside triphosphate 1.14 pC; were present, and at 300 pM, 4 pCi were present.
-24- Percent deviation of linearity., between 2 and 10min, is the percent difference between the hypothetical incorporation at 10 min and the actual incorporation at 10 min. The hypothetical incorporation at 10 min is calculated assuming that the incorporation is linear between 2 and 10 min;
that is, at 10 min the incorporation is 5 times the incorporation at 2 min. 
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